Abstract-A comprehensive analysis is carried out to investigate the high-frequency (HF) oscillations and their leading causes in dc microgrids. The analysis relies on the impedance-based stability criterion. It is shown for the first time that all types of DGs and loads contribute to the HF oscillations in a dc microgrid. This is in contrast with the previous studies that designate constant-power loads as the main cause for the interaction dynamics in dc microgrids. It is noted that different factors including number of DGs, load dynamics, load powers, and the type of resonances affecting the HF voltage/current oscillations are taken into account in our studies. A closed-form expression is derived for the estimation of the damping factor of dominant HF modes of dc microgrids. Moreover, a proper damping approach is proposed to reduce the HF oscillations. Various simulation studies are presented to evaluate the effectiveness of the proposed analysis approach.
I. INTRODUCTION
T HE increasing growth of dc loads along with the inherent dc power generation of most of renewable energy sources are the main driving factors for the expansion of MV/LV dc distribution systems. Nevertheless, there are still various technical challenges which need to be tackled in the light of further development and utilization of dc microgrids. Stability is one of the critical challenges which is not still fully addressed and requires more exhaustive studies [1] - [6] .
Essentially, the stability of dc microgrids depends on the control strategy adopted for each mode of operation. While operating in islanded mode, in case of absence of communication links, droop control method is used for load power sharing among different VC-DGs [7] . The principle of power sharing in dc microgrids with droop controllers is based on implementing virtual resistances (impedances) for VC-DGs. As known, the accuracy of power sharing may be degraded due to voltage drop across the line impedances [8] , [9] . To solve this problem, some improved control methods have been proposed in [8] , [10] , [11] to perform accurate current sharing among DGs. Moreover, power sharing accuracy can be usually improved by use of higher virtual resistances. However, this can result in lowfrequency (LF) power oscillation that is a daunting challenge in dc microgrids. With this regard, some approaches (e.g., [9] ) have been proposed for effective damping of these LF oscillations.
Another stability issue of dc microgrids is associated with the power conversion mechanism by means of power electronic converters needed to achieve different voltage levels. As known, some power electronic converters are tightly regulated to control their output making them behave as a constant power load (CPL) characterized by a negative incremental resistance. This can reduce the stability margins which in turn can result in dc voltage collapse [4] , [12] - [14] .
To cope with this problem which is the result of the interaction among CPLs and the rest of dc microgrid, various techniques such as filtering [4] , [15] and load shedding [4] have been proposed. It is noted that in this paper, similar to ac microgrids [16] , the term "interaction dynamics" refers to the effect of stability margin reduction of the whole system, not due to their inherent parameters or controllers, but due to their aggregation within a dc microgrid. As discussed in [12] - [15] , [17] the negative input admittance of CPLs, is the main reason of interaction dynamics in dc microgrids. However, there are some additional factors still not reported in the literature with the same effect on the microgrid stability. Owing to this hypothesis, an elaborate investigation of interaction dynamics calls for considering all types of DGs, loads, and lines. Within the context alluded above, in this paper, the impedance-based approach developed based on the Middlebrook's theorem [18] is utilized to study the stability of dc microgrids. It should be noted that in dc microgrids, due to approximately ideal behavior of VC-DGs at low frequencies, the interaction dynamics usually happens at higher frequencies mainly affecting the HF stability of a dc microgrid.
So far, various damping methods, including passive [19] , [20] and active [21] , [22] types have been recommended to improve the interaction dynamics of ac microgrids. According to the related studies, most of active damping approaches of dc microgrids, concentrate on specific control solutions which are implemented on CPLs [23] , [24] . The principle of these approaches to decrease the interaction is based on reshaping the output admittance of CPLs. However, similar to ac microgrids, instead of reshaping the output admittances of grid-connected converters, the method of grid impedance tuning can be alternatively utilized [24] - [26] .
Within the context alluded above, in this paper, the HF stability of a typical dc microgrid is first comprehensively studied considering the exact modeling of the microgrid components including VC-DGs, CC-DGs, different types of loads and lines. Then, for the first time, it is shown that all types of DGs, loads and lines, can affect the interaction dynamics of whole dc microgrid. To this aim, the effect of different factors, such as type of resonance, number of DGs, load dynamics and load powers on the mentioned interaction is evaluated. Furthermore, it is also shown that, depending on the capacitive or inductive behavior of each subsystem which is defined according to the impedance-based approach, CPLs can improve the interaction dynamics resulted by some intersection points. Also, a closedform expression is obtained to estimate the damping factor of the dominant HF modes. It is shown that CPLs are not the only reason of interaction between subsystems, hence, the effect of implementation of damping loops for VC-DGs is also investigated.
The paper is organized as follows: Section II represents exact modeling of all dc microgrid components. In Section III, the origin of HF oscillations and the effect of resonance type on voltage/current oscillations are elaborated. Section IV discusses the leading causes of HF oscillations, including different types of DGs, loads, and the power of loads. A proper damping approach to reduce HF oscillations of dc microgrids is also discussed in Section V. The simulation results are presented in Section VI. In this section the microgrid is simulated in Matlab/Simulink environment which further supports the effectiveness of the proposed analysis approach. Finally conclusion remarks are provided in Section VII.
II. MODELLING OF DC MICROGRID COMPONENTS
For impedance-base analysis of HF stability, detailed modeling of microgrid components is needed. To better investigate the dynamic characteristics, the components are classified into four clusters each one containing similar items. Fig. 1 shows these four clusters. VC-DGs, as well as the interlink converter (IC), whose operation mode depends on the condition of the interconnected ac microgrid, are placed in Cluster#1.
In the grid-connected mode of the ac microgrid, the IC usually works as a VC-DG; when the ac microgrid is islanded, the IC acts in the current-controlled mode, hence, it is categorized as an entity of Cluster#2 which includes current-controlled (CC) DGs. As shown in Fig. 1 , loads are also classified as: constantImpedance Loads (CILs) and constant-current loads (CCLs) belonging to Clusrer#3; and CPLs are categorized in Cluster#4. It is noted that the stable behavior as well as acceptable stability margins are taken into account when designing the converter controllers of loads and DGs. Tables I and II summarize the parameters of the considered dc microgrid including DGs, loads and controllers.
A. Modelling of DGs
VC-DGs of Cluster#1 (dc-dc buck converter) whose closedloop equivalent circuit consists of an ideal voltage source (V ref ) in series with an output impedance (Z VC−DG ), is shown in Fig. 2(a) . These DGs are equipped with a PID voltage con-
), which its parameters are summarized in Table II . VC-DGs are equipped with the droop controller as a current/power sharing control unit. The droop controller is implemented by output current feedback that is known as linear current droop. It should be noted that the droop coefficient is defined such that the output voltage of the converter will not exceed the permissible limits. The parameters of droop controllers for VC-DGs are summarized in Table II . The interface converter of each CC-DG in Cluster#2 is a dc/dc buck converter which is equipped with a PI current controller ( G CC−DGs = G 0 (1 + Fig. 2(b) .
B. Modeling of Loads
Referring to Fig. 1 , Cluster#3 includes CILs and CCLs. In this paper, a CCL is modeled by a dc/dc boost converter with a tightly regulated input current supplying a resistive load. The current controller whose parameters are listed in Table II The CPL of Cluster#4 can be represented by a dc/dc buck converter with a tightly regulated load voltage supplying a resistive load. The parameters of the PID voltage controller utilized for this load, are listed in Table II . The corresponding closed-loop equivalent circuit which consists of an ideal CCL (I CPL ) in parallel with an input admittance (Y CPL ) is shown in Fig. 2 
(d).
From the small signal analysis, the input parallel admittance of the CPL behaves as a negative admittance. It is noted that the input parallel admittance of the CPLs, depending on their output power, and also their controller design may have poorly damped poles or even unstable poles. In this paper, similar to the procedure adopted for the design of the controllers of DGs and loads, the controller design of CPL is done in such a way that the CPL becomes individually stable.
III. ORIGIN OF HF OSCILLATIONS IN DC MICROGRID
Interaction among DGs and loads is the origin of HF oscillations in DC microgrids. Therefore, to clearly determine the interaction dynamics, the impedance-based models of all components are obtained by averaging-linearization techniques. To this aim, following the procedure proposed in [17] , averaging method is separately applied to each converter model of DGs or loads, and then due to the nonlinear behavior of averaged models, linearization around an operating point will be applied to obtain their small-signal linear model. Having applied the small signal analysis, the frequency response of the series impedance of VC-DGs and the parallel admittance of CC-DGs and loads is obtained. Fig. 3 shows the frequency response of the parallel admittance of CC-DGs and loads. It should be noted that line impedances of DGs and loads are taken into account in the bode diagrams shown in Fig. 3 . The parameters of the mentioned line impedances are also listed in Table I. A simplified closed-loop model of dc microgrid components is shown in Fig. 4 . As discussed earlier, the HF stability of the dc microgrid is studied by the impedance-based stability criterion. To this aim, according to Fig. 4 , from the common dc bus, the dc microgrid can be divided into two subsystems: subsystem#1, which only includes VC-DGs and is modeled by an equivalent impedance, i.e., Z sub1 in Fig. 4 ; and subsystem#2, which includes CC-DGs and loads and is modeled by an equivalent admittance, i.e., Y sub2 in Fig. 4 . Therefore:
The equivalent impedance of the paralleled VC-DGs is also represented as: 
where,
where, N CC−DGs , N CCLs , and N CPLs are the number of similar CC-DGs, CCLs, and CPLs, respectively. It is noted that for the understudy dc microgrid, N VC−DGs , N CC−DGs , N CCLs , and N CPLs are respectively assumed to be 2, 4, 3, and 4. Z L−CC−DGs , Z L−CCLs , and Z L−CPLs are the line impedances of CC-DGs, CCLs, and CPLs, respectively. Moreover, by smallsignal representation, the voltage of the common dc bus is:
where:
A. Analysis of Intersection Points
The frequency response of the subsystems impedances of the studied dc microgrid is shown in Fig. 5 . It is seen from this figure, that the impedance of subsystem#1 intersects the impedance of subsystem#2 at three different frequencies (497 Hz, 4900 Hz and 100 kHz). Based on [27] , as the phase difference between two impedances is well below 180 degree at 100 kHz, there is no interaction at this frequency; while at 497 Hz and 4900 Hz, the phase difference is about 180 degree that implies an interaction among subsystems at these frequencies. In other words, at the first intersection point, similar to ac systems [27] - [29] subsystems#1 and #2 reveal an inductive and capacitive behavior, respectively; while for the second intersection point, subsystems#2 and #1 reveal an inductive and capacitive behavior, 6 , there are two pairs of complex conjugate poles: the first pair (with lower frequency) which is resulted by the first intersection point; and the second pair (with higher frequency) which is resulted by the second intersection point. For more clarification, the equivalent impedance and admittance of subsystems#1 and 2 can be represented by:
where |Z sub1 | and |Y sub2 | are magnitudes of equivalent impeadnce and admittance of subsystems#1 and 2, respectively. Furthermore, ϕ1 and ϕ2 are phases of equivalent impeadnce of subsystem#1 and inverse admittance of subsystems#2, respectively.
As it is shown in Fig. 5 , for the first intersection point, the output impedance of subsystem#1 is inductive at frequencies lower than the resonance frequency of the equivalent impedance. Hence, there can be a probable interaction among this subsystem and the equivalent capacitive admittance of subsystem#2. Therefore, with a good approximation, we will have: where L sub1 and C sub2 are equivalent inductance and capacitance of subsystems#1 and 2, respectively. R sub1 and R sub2 are equivalent resistance of subsystems#1 and 2, respectively. Therefore, the denominator of (10) can be written as:
Moreover, (14) can be expressed as: (15) with the following well-known characteristic equation,
We have,
And
hence (18) can be written as:
Substituting from (17) in (19) yields:
where α eq is the estimated damping factor of HF modes resulted by the first intersection point. As it was expected, frequency of the intersecion point is a function of L sub1 and C Sub2 ; while the estimated damping factor is only affected by the phases of subsystems at the intersection points. To evaluate the accuracy of (20) , α eq is compared with that obtained by modeling the whole dc microgrid (α M G ), Table III . According to (20) , depending to the phase difference between two subsystem impedances, the following remarks are drawn: 1) if (cos ϕ1 + cos ϕ2) < 0, then α eq < 0, that implies the system is unstable; 2) if (cos ϕ1 + cos ϕ2) = 0, then α eq = 0, that implies the system can be modeled as a resonator including only L sub1 and C sub2 ; 3) if (cos ϕ1 + cos ϕ2) > 0, then α eq > 0, that implies the system is stable; however its dominant HF modes may have a low damping factor. Similar analysis can be also done for the second intersection point.
As known, any transient, such as load change, is able to excite all of the system modes, including the mentioned HF modes, resulting in transient voltage and current oscillations of the dc microgrid; however, in case of HF intersection points, the mentioned transient oscillations will be quickly damped. On the other hand, any background harmonic in the voltages or currents of dc microgrid, can act as steady-state excitation source for the HF modes. In fact, if the intersection point occurs at a frequency close to the background harmonics, severe steadystate oscillation in the current or voltage of microgrid is likely to happen. It is noted that nonlinear ac loads which are connected to dc microgrids by inverters can cause even current harmonics as it is shown in Appendix. These harmonics in dc microgrids, can be modeled as current sources. In this study, any excitation current source is modeled as a current source I h , as shown in Fig. 4 .
B. Analysis of Series and Parallel Resonance
Referring to [17] , [18] , the phase difference between the equivalent impedance of subsystems, at intersection points, determines the interaction dynamics of the whole system. However, more studies show that the magnitude of impedances, at the same points, can also affect the amplitude of voltage or current oscillations. For this purpose, two possible types of resonance are studied in more details. According to the type of the probable excitation source of HF modes, parallel resonance (see Fig. 7(a) ), and series resonance (see Fig. 7(b) ) are likely to happen. For instance, load changes or harmonics loads are the causes of parallel resonance (see (21) ); while any sag/swell of grid voltage, or the presence of background harmonics of grid voltage can lead to series resonance (see (22) ). From Figs. 7(a) and (b) we obtain,
From (21), (22) , and (20), the phase difference between the equivalent impedance of subsystems determines the system stability resulted by the interaction. However, from (21) and referring to Fig. 7(a) , higher magnitude of subsystems impedances (at intersection points), can lead to higher amplitude of voltage oscillations (V out ). Similarly, from (22) and referring to Fig. 7(b) , higher magnitude of subsystems impedances (at intersection points), can lead to lower amplitude of current oscillations (I out ).
In this paper, load changes and harmonic loads are considered as transient and steady-state excitation sources, respectively; hence, the studied resonance is of parallel type. Therefore, according to (21) , if |Z sub1 | > 1 the voltage oscillations increase while for |Z sub1 | < 1 the voltage oscillations decrease. Therefore, regardless of the identical phase differences at the intersection points, higher voltage oscillations are expected at the first intersection point due to higher magnitude of subsystems impedances (see Fig. 5 ).
IV. EFFECT OF THE DC MICROGRID COMPONENTS ON INTERACTION DYNAMICS
As discussed earlier, the understudy system is modeled by two subsystems: Subsystem#1 which includes VC-DGs, and Subsystem#2 which includes CC-DGs and different types of loads. In doing so, the grid impedance is represented by Subsystem#1; and the grid-connected converters (load/DGs) are categorized in Subsystem#2. Hence, similar to ac microgrids, to study the interaction between subsystems in a dc microgrid, one can reasonably focus on the interaction between the gridconnected converters and the grid impedance. This is done by taking to account the interaction between all components of subsystems#1 and 2. It is expected that in addition to CPLs, all types of DGs and loads, can affect the interaction dynamics of the whole system. Therefore, in the following Subsections, the effect of each DG and load, on the interaction dynamics of the whole system will be studied. The nonlinear loads are more likely to behave as a harmonic source with the same frequency of the first intersection point; hence the studies are mainly focused on the first intersection point.
A. Effect of Voltage-Controlled DGs
The effect of the number of VC-DGs of a dc microgrid on the first intersection point is shown in Fig. 8 indicating that while increases the frequency of the intersection point. The dominant zeros and poles of the system are shown in Fig. 9 which confirms the results reported in Fig. 8 . From Fig. 9 and according to (20) , the phase difference reduction which is the result of the increased number of VC-DGs, increases the damping factor of HF modes of the whole system. Furthermore, as shown in Fig. 8 , the increased number of VC-DGs decreases the magnitude of subsystems impedances at intersection points. This results in lower voltage oscillations (V out ) of the dc microgrid.
B. Effect of Current-Controlled DGs
Making reference to Fig. 3 and assuming the number of similar CC-DGs, N CC−DGs = 4, CC-DGs play a significant role in determining the intersection frequency. Studies show that increasing the number of CC-DGs, increases the phase difference between Z sub1 and , and also decreases the frequency of the intersection point. This fact is reported in Fig. 10 by showing the dominant zeros and poles of the system. As it is seen from this figure, with increasing the number of CC-DGs, the damping factor of HF modes of the whole system decreases.
C. Effect of Constant-Current Loads
Change of CCLs in a dc microgrid can be done either by changing the power of each CCL; or the change of number of CCLs. The change of power of a CCL mainly affects its admittance at low-frequencies, hence it does not affect the dynamics associated with the HF intersection point. However, referring to Fig. 3 , for the studied dc microgrid, CCLs reveal the lowest admittance around the intersection point. Thus, they have a trivial role in determining the intersection point. However, due to their phase value, they have the ability to affect the phase of ; and consequently the damping factor of the whole system. Therefore, by increasing the number of CCLs, the phase of decreases. This fact is confirmed in Fig. 11 which shows the dominant zeros and poles of the system. As it is seen from this figure, phase difference reduction which is the result of the increased number of CCLs, increases the damping factor of HF modes of the whole system.
D. Effect of Constant-Impedance Loads
Referring to Fig. 3 , for the studied dc microgrid, CILs have no significant admittance around the intersection point. Therefore, they don't have an important role in determination the intersection point. However, due to their phase value, they have the ability to affect the phase of ; and consequently the damping factor of the HF modes of the whole system. In fact, by increasing the power of CILs, the phase of , and consequently an increase in the damping factor of HF modes. This is accentuated in Fig. 12 which shows the dominant zeros and poles of the system.
E. Effect of Constant-Power Loads
Similar to CCLs, the change of CPLs in a dc microgrid can be attributed to either change of power or change of number of CPLs. As known, CPLs in their bandwidth behave as negative CILs. Hence, at their bandwidth, any variation in power or number of these loads, leads to similar results. Referring to Fig. 3 , CPLs are able to affect the phase of , and consequently the damping factor of the whole system, due to their phase value. In fact, by increasing the power of a CPL, the phase of . Fig. 13 which shows the dominant zeros and poles of the system confirming these results. As it is shown in Fig. 13 , phase difference increment which is the result of the load power increment, decreases the damping factor of the HF modes of the whole system.
F. More Details on Interaction Dynamics Resulted by the Second Intersection Point
As stated earlier in this paper, due to the capacitive behavior of subsystem#2 around the first intersection point, the behavior of CPLs as a negative resistance can decrease the phase of subsystem#2 which further decreases the damping factor. However, around second intersection point, subsystem#2 features an inductive behavior. In this case, negative phase of CPLs, can decrease the phase of subsystem#2 which in turn increases the damping factor. Therefore, around the second intersection point, CPLs can improve the interaction dynamics of system. Fig. 14 shows dominant poles resulted by the first and second intersection points for different number of similar CPLs. From this figure, it is seen that by increasing the number of CPLs the damping factor of dominant modes resulted by the first point decreases while those resulted by the second point increases. Hence, we conclude that depending on the subsystems behavior at intersection point, CPLs can even improve the system interaction dynamics. It should be noted that the second intersection point, being affected by line impedances, appears at high frequencies. Furthermore, presence of converter-based DGs and loads, with the switching frequencies close to the second intersection point is also possible. Therefore, in some cases, to reduce the highfrequency oscillations resulted by the second intersection point, an active damping strategy seems to be necessary. It is noted that, because of the low value of line impedances, the probable second intersection point may be out of the bandwidth of DGs and loads. Therefore, conventional strategies such as virtual impedance-based methods, implemented by feedback or feedforward of state variables, may not work.
G. Effect of Opeartion Mode of IC
From the small-signal analysis, it is found that operation mode of IC can affect its output impedance, and consequently the impedance model of its host Subsystems. Hence, interaction between subsystems can be affected by the operation mode of IC. For more clarification, Table IV shows the specifications of dominant modes resulted by the first and second intersection points. It is seen from this table that when IC works as a VC-DG, higher values of damping factor of dominant modes are obtained.
V. DAMPING APPROACH TO REDUCE HF OSCILLATIONS IN DC MICROGRIDS
The damping method presented in [26] for ac microgrids, is adopted to reduce the HF oscillations in dc microgrids. This method relies on the output voltage feedback of each VC-DG to the output signal of its corresponding controller (see Fig. 15 ). As it is shown in Fig. 15 , the proposed damping loop includes a damping gain (k dmp ), and also a first-order high pass filter (HPF). Fig. 16 shows frequency responses of output impedance of both subsystems with and without implementation of the proposed damping loop. Our analysis shows that proper tuning of damping gains (k dmp = 0.2) can significantly decrease the output impedance of each VC-DG, and consequently increase the frequency of the first intersection point of subsystems. Moreover, a proper HPF (ω c = 1000 rad/s) can also lead to a relative phase reduction of Z sub1 , and consequently increment of damping factor of the new intersection point, see Fig. 16 .
VI. SIMULATION RESULTS
To study the HF oscillations and their leading causes, the dc microgrid shown in Fig. 1 , is simulated in the MAT-LAB/Simulink environment. The parameters of DGs, loads, and line impedances are summarized in Tables I and II. In Subsection "A" we discuss the transient HF oscillations for the dc microgrid, in the absence of any harmonic excitation source; while Subsection "B" deals with steady-state HF oscillations in the presence of harmonic excitation current sources.
A. Transient HF Oscillations
In this study, the dc microgrid includes a 5-kW interlink converter (IC), one VC-DG of 2.5-kW, four CC-DGs, four CCLs, and four CPLs. It is noted that the damping factor and frequency of HF modes resulted by the first and second intersection points are respectively (0.00136, 494 Hz) and (0.0421, 5095 Hz). To evaluate the transient oscillations of the dc microgrid, it is assumed that at t = 0.7 s, the microgrid is subject to a small sudden load change. Figs. 17(a) -(e) show the grid voltage, and also the currents of the IC, one CC-DG, one CPL, and one CCL, respectively. As expected, following the load change at t = 0.7, both pairs of dominant modes are excited. However, oscillations are mainly related to the first intersection point which has a very low damping factor. It is noted that at this intersection point both subsystems show a relatively high impedance.
As shown in Fig. 17 , due to the very low impedance of the subsystems at the second intersection point, voltage oscillation resulted by the second intersection point is negligible. This fact is confirmed in Fig. 17(a) . Furthermore, the main current oscillations resulted by the second intersection point, belong to VC-DGs and CC-DGs of the dc microgrid due to the dominant admittances of these DGs at the second intersection points. It should be noted that higher magnitude of the impedances at the intersection points can lead to higher amplitude of voltage oscillations.
B. Steady-State HF Oscillations
As discussed earlier in this paper, harmonic excitation sources are more likely to have harmonic frequency close to that of the first intersection point. Hence this subsection is mainly focused on studying the effect of all DGs and loads on the steady-state oscillations resulted by the first intersection point. To this aim, we consider a dc microgrid including a 5-kW interlinking converter, two VC-DGs, four CC-DGs, three CCLs, and four CPLs. To evaluate the steady-state oscillations of the dc microgrid, it is assumed that at t = 1 s, the microgrid accommodates a harmonic excitation source (with the amplitude of I h = 0.25 A), which is the nearest harmonic to the first intersection point; therefore only the HF modes associated with the first intersection point are excited.
Figs. 18(a)-(c) show the grid voltage, and the output currents of the 2.5-kW DGs and the 5-kW VC-DG (IC) assuming different numbers of VC-DGs. Referring to Figs. 8 and 9 , it is seen that by increasing the number of VC-DGs, damping factor of dominant modes and the frequency of HF modes increase too. Hence, we accordingly expect a decrease in the amplitude of HF oscillations. This fact is now confirmed by Fig. 18 .
Similarly, Figs. 19(a)-(c) show the grid voltage, and the output currents of the 5-kW VC-DG (IC), and one CC-DG while assuming different number of CC-DGs. Referring to Fig. 10 , it is found that with decreasing the number of CC-DGs the frequency of oscillations and the damping factor of dominant HF modes increase. Hence, a decrease in the amplitude of HF oscillations is expected, see Fig. 19 .
Similar analysis is preformed to evaluate the effect of loads on the HF oscillations of the studied dc microgrid. Assuming different numbers of CCLs, Figs. 20(a)-(c) respectively show the grid voltage and the currents of different types of loads, including the CCL, the CIL, and the CPL. From Fig. 11 , it is seen that as the number of CCLs increases, the damping factor of dominant HF modes increases too which in turn decreases the amplitude of HF oscillations as it is shown in Fig. 20 .
In the next simulation case, the grid voltage and the currents of the CCL, the CIL, and the CPL are reported in Fig. 21 assuming two different load power for the CIL. It is seen from this figure that by increasing the power of CILs, the amplitude of oscillations decreases which complies with the fact reported in Fig. 12 .
Figs. 22(a) and (b) show the grid voltage and currents of the CCL, the CIL, and the CPL, where the power of one of CPLs changes from 500 W to 250 W. Referring to Fig. 13 , it is expected that by increasing the power of CPLs, the amplitude of oscillations increases which is clearly confirmed by Fig. 22 .
C. Effeiciency of the Proposed Damping Approach
In this subsection, we evaluate the efficiency of the damping approach presented in Section V. To this aim, we consider a dc microgrid including a 5-kW interlinking converter, two VCDGs, four CC-DGs, three CCLs, and four CPLs. We assume that at t = 0.7 s, the microgrid is subjected to a small sudden load change. Figs. 23(a)-(e) show the grid voltage, and also the currents of the IC, one CC-DG, one CPL, and one CCL, with and without the proposed active damping loop. As it is seen from Fig. 23 , by utilizing the proposed damping loop, the frequency of dominant HF modes significantly increases; hence the excited oscillations are damped in a shorter period of time.
Moreover, to evaluate the effectiveness of the proposed damping loop on steady-state HF oscillations, it is assumed that at t = 1 s, the microgrid starts accommodating a harmonic excitation source (with the amplitude of I h = 0.25 A). Figs. 24(a)-(e) show the grid voltage, and also the currents of the IC, one CC-DG, one CPL, and one CCL, with and without the proposed active damping loop. As shown in Fig. 24 , HF steady-state oscillations are effectively damped when the proposed damping approach is implemented.
VII. CONCLUSION AND DISCUSSION
A comprehensive analysis was provided to investigate the High Frequency (HF) oscillations, and their leading causes in dc microgrids. The analysis is based on the impedance-based approach which requires the dc microgrid to be classified into two subsystems: subsystem#1 which only includes VC-DGs, and subsystem#2 which includes the rest of the dc microgrid components. Having studied the frequency response of the subsystems impedances, it was found that there is no LF intersection point, due to the almost ideal behavior of VC-DGs at low-frequencies. However, we found that HF intersection points might appear due to the non-ideal behavior of VC-DGs at higher frequencies. The capacitive and inductive behavior of subsystems impedances at these intersection points can cause either unstable HF modes or, more likely, HF modes characterized by low damping factors.
Some of the main conclusions obtained from this study are as follows; 1) Two intersection points might appear where the first one is due to interaction among control loops; and the second one is mainly caused by line impedances. 2) In addition to transient HF oscillations, steady-state HF oscillations might also appear due to the presence of harmonic excitation sources with frequencies close to those of intersection points. 3) Damping factor of the resulted HF modes is affected by the phase of each of subsystems impedances. The damping factor of HF modes can be easily estimated by making use of a closed-form expression. 4) The resonance type can also affect the amplitude of oscillations. 5) All types of DGs and loads, even in the absence of CPLs, can affect the interaction dynamics of the whole system. 6) Increasing the number of VC-DGs can serve in favor of reducing the HF oscillations. 7) Capacitive behavior of CC-DGs and negative resistance behavior of CPLs can decrease damping factor of HF modes. 8) CCLs can feature a resistive behavior which in turn increases the damping factor of the system. 9) Depending on the subsystems behavior, CPLs can improve the interaction dynamics resulted by the second intersection point. 10) The second intersection point, if exists, may be out of the bandwidth of DGs and loads. Hence the conventional strategies might not work for damping the resulting HF oscillations. 11) Since CPLs are not the only reason of interaction between subsystems, implementation of active damping loops for VC-DGs is recommended.
APPENDIX PRESENCE OF EVEN HARMONICS
We have:
and: Since k 1 and k 2 are odd numbers, (k1 ± 1) and (k2 ± 1) are even numbers.
